Computer simulations of stable xenon (sXe) up take curves were used to evaluate the effect of xenon-induced flow activation on CBF calculations by xenon-enhanced com puted tomography, Estimates of flow activation were based on repeated transcranial Doppler measurements of blood velocity during 4,5 minutes of sXe inhalation, The synthetic curves were generated from a generalized Kety equation that included
time-varying blood flow activation, In contrast to the peak 35% increase in blood t10w velocity during sXe inhalation, a stan dard analysis of the flow-varying synthetic curves revealed only minor 3% to 5% increases in calculated CBF. It is concluded that brief xenon inhalations can provide blood flow estimates that con tain minimal bias from activation, Key Words: CBF activation Computer simulation-Xe/CT cerebral blood flow, first 1.5 minutes, followed by a gradual rise in velocity that peaked at 4 to 5 minutes. A similar time course has been reported in patients during Xe/CT CBF measure ments (Witt et aL, 1991) , in whom an 18% increase in velocity was obtained.
Assuming that changes in blood flow mimic those of blood velocity, Good and Gur (1991) performed computer simulations of s Xe uptake curves, based on a linear 15% to 45% increase in CBF between 1.5 and 2.0 minutes. Similar curves were generated by Witt et aL (1991) , who assumed linear CBF increases throughout the 5-minute inhalation period. In both studies, analysis of the synthetic curves by the standard Xe/CT algorithm (Gur et aI., 1989) revealed less than 5% augmentation of CBF values relative to the assumed, nonactivated blood flow leveL It should be noted that the increase in computed blood flow was considerably less than the simulated CBF change, a finding that might be attributed to the delayed rise in CBF.
The present study was designed to confirm and extend these findings by generating more realistic uptake curves derived from blood velocity observations. Rather than assuming discrete CBF changes at particular time points, the Kety equation describing s Xe uptake and clearance (Kety, 1951) was generalized to include time-varying changes in blood flow (Jaggi and Noordergraaf, 1995) , i.e., CBF = f(t). Analysis of the resulting uptake curves by the traditional Kety equation, in which CBF is con stant, permitted assessment of the influence of s Xe acti vation on routinely calculated CBF values.
METHODS
Based on evidence that changes in CBF and middle cerebral artery blood flow velocity are highly correlated (Bishop et aI., 1986) , measurements of transcranial Doppler velocity during sXe inhalation were used to simulate CBF activation in a stan dard Xe/CT protocol. Figure 1 presents the mean change in velocity during 4.5 minutes of 33% sXe inhalation in 10 normal control subjects, taken from a previous study (Obrist et a!., 1992) . Values obtained every 30 seconds progressively in creased to 35% above baseline by the end of inhalation. Be cause CBF was assumed to follow the same time course, i.e., undergo proportional changes, synthesis of the uptake curves was based on these velocity measurements. Only noise-free curves were generated, as assessment of systematic bias did not require the addition of random noise.
In the steady-state condition, tissue xenon concentration, C(t) , can be described by:
where Ca(t) is the arterial input, A the partition coefficient, k an exponential rate constant, and A . k = f, the blood flow (Kety, 1951) . This equation is valid only when blood flow is constant; it is not applicable to the activated condition.
To describe blood flow activation, the above equation can be generalized to a non-steady state (Jaggi and Noordergraaf, 1995; Kreyszig, 1972) :
where k(t) is a function of time, indicating that blood flow undergoes change during the course of measurement.
Equation (2) was used to generate concentration-time curves

Change in MCA Blood Flow Velocity
During 33% Stable Xenon Inhalation A typical sXe expired air curve served as the arterial input for the simulations (Figs. 2-4) . Interpolation of the end-tidal peaks provided 12 data points per minute, which were numeri cally integrated in equation (2), using the trapezoid rule.
Analysis of the synthetic curves was performed with equa tion (1), thus replicating the standard Xe/CT calculation where k is assumed constant. As in the synthesis, numerical integra tion of the arterial input was performed. Six data points were selected on the tissue curve for analysis, corresponding to six CT scans at 0.7-minute intervals, a typical scanning protocol (see footnote, Table 1 ). Solutions for the nonlinear parameter k were obtained by a least squares fit of the six data points, using a rapidly converging minimization routine (Rosenbrock, 1960) .
Given the value of the exponent k, the coefficient! = A . k was determined by linear regression at each iteration (Obrist et a!., 1975) , the final value being the desired CBF.
RESULTS
Table 1 presents analyses of the three simulated curves based on equation (1), where k is assumed to be constant. For each level of baseline flow, s Xe inhalation produced an increase in the calculated CBF, ranging from 3.4% (white matter) to 5.1 % (gray matter).
Values for k are also presented in Table 1 along with lambda, the partition coefficient (/\ = flk). Unlike CBF, which deviated only slightly from baseline values, k un derwent a large decrease at the lowest blood flow level. This resulted in a correspondingly large but reciprocal increase in /\, as previously described (Witt et al., 1991) .
DISCUSSION
The present findings confirm previous reports Witt et al., 1991) that calculated CBF values, based on the traditional Kety equation, are mini mally increased by blood flow activation during 4.5 min utes of s Xe inhalation. The small 3% to 5% change con trasts with a peak blood velocity increase of 35% at the end of inhalation (Fig. 1) , and with a CBF increase of 28% obtained concurrently by the intravenous 133 Xe technique (Obrist et al., 1992) . The latter can be attrib uted to delayed J 33 Xe injection, so that clearance curve fitting started after 3 minutes of s Xe inhalation when flow activation was well underway (Fig. 1) . Similar de lays in 133 Xe start fit time may explain the relatively high CBF values obtained in previous studies (Obrist et al., 1985; Hartmann et al., 1991) . Because flow activation varies with time, neither peak blood flow velocity nor delayed 133 Xe CBF measurements reflect the actual change that occurs during s Xe inhalation. Figures 2 through 4 compare the time-varying acti vated curve [k = k(t)] with two steady-state uptake curves at the three simulated blood flow levels. In each graph, the lower curve represents the "true" baseline flow, and the upper one a constant 35% CBF activation corresponding to the peak velocity change. Of interest is the close proximity of the baseline (lower) and flow varying (middle) curves during the first 2 minutes of s Xe inhalation. The initial three scans (data points) were ob tained during this period before activation produced ap preciable curve distortion, which may account for the small 3% to 5% error in calculated CBF values.
Construction of synthetic uptake curves in the present study was based on the assumption that changes in trans cranial Doppler blood velocity follow the same time course as CBF changes during s Xe inhalation. Unfortu nately the temporal resolution of the 133 Xe CBF mea surements in the prior study (Obrist et aI., 1992) (Fig. 1) . Dotted line (upper): k = 1.35, steady-state activated increase of 35% corresponding to the peak velocity change.
J Cereb Blood Flow Metab, Vol. 18, No. 11, 1998 of CBF values was obtained, however, one at baseline and the other after 3 minutes of s Xe inhalation. A prod uct-moment correlation of 0.93 (P < 0.001) was found between the percent CBF increase and percent change in transcranial Doppler velocity shown in Fig. 1 , This strongly suggests, but does not prove, the validity of the underlying assumption,
The present simulations covered a range of blood flows from 20 to 80 mL·lOO g-' ·min-' . Although the former was designed to represent normal white matter flow (k = 0.133, A = 1.5), the obtained 3.4% CBF acti vation (Table 1) might also apply to reduced gray matter flows of 20 mL·lOO g-I 'min-l or less. Given a normal gray matter lambda of 0.8, the assumed baseline k of 0.133 corresponds to an "ischemic" flow of 11 mL·lOO g-l ·min-l .
As shown in Table 1 , high values of lambda were found at the lower blood flow levels. Because of recip rocal changes in k, stable CBF estimates were neverthe less obtained if = A . k). The elevated A at low CBF levels led Witt and coworkers (1991) may be required to obtain valid partition coefficients for white matter and pathologically low flows (Segawa, 1995) . It should be emphasized that the present results are based on a relatively brief 4.5·minute s Xe inhalation. Simulation studies in which random CT noise was added to the curves have shown decreased error in CBF esti mation (smaller SD) for longer inhalation times and for curve fitting of both s Xe uptake and clearance (Polacin et al., 1991) . The benefit of such protocols, however, should be weighed against the possibility of increased bias from activation. Because distortion of the uptake curves becomes greater with time ( Figs. 2-4 ), prolonging the inhalation may increase the bias. Good and Gur (1991) found that a 3-minute washin/5·minute washout protocol more than doubled the bias caused by activa· tion. Further investigation is clearly needed to establish the optimal scanning protocol, i.e., the trade-off between reduced computational error caused by CT noise versus a reduction in activation bias. An important consider ation in this regard is head-motion artifact, which is con· siderably less with brief inhalations (Kalender et al., 1992) .
In conclusion, s Xe-induced flow activation has only a minor effect on the analysis of brief 4.5-minute uptake curves. Clinical studies based on such protocols (Johnson et al., 1991) should be relatively free of activation bias, both at low and high CBF levels.
